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Clouds are themain source of uncertaintieswhenprojecting climate change.Mixed-phase clouds that
contain ice and supercooled-liquid particles are especially hard to constrain, and climate models
neither agree on their phase nor their spatial extent. This is problematic, asmodels that underestimate
contemporary supercooled-liquid in mixed-phase clouds will underestimate future warming.
Furthermore, it has recently been shown that supercooled-liquid water in mixed-phase clouds is not
homogeneously-mixed, neither vertically nor horizontally. However, while there have been attempts at
observationally constraining mixed-phase clouds to constrain uncertainties in future warming, all
studies only use the phase of the interior of mixed-phase clouds. Here we show, using novel satellite
observations that distinguish between cloud-top and interior phase in mixed-phase clouds, that
mixed-phase clouds are more liquid at the cloud top globally. We use these observations to constrain
the cloud top phase in addition to the interior in a global climate model, leading to +1 °C more 21st

centurywarming inNorESM2SSP5-8.5 climateprojections.Weanticipate that thedifferencebetween
cloud top and interior phase inmixed-phase clouds is an important new targetmetric for future climate
model development, because similar mixed-phase clouds related biases in future warming are likely
present in many climate models.

Clouds can consist of liquid, ice or amixture of both,withdistinctly different
impacts on the Earth’s radiation budget1–5. A greater fraction of liquid
particles within a cloud generally leads to a higher cloud albedo and less
shortwave radiation reaching the surface. Concurrently, a higher liquid
water content will also increase the cloud’s longwave emissivity and there-
fore, increase the amount of trapped longwave radiation5,6. Between −38
and 0 °C, liquid and ice particles can coexist, forming a mixed-phase cloud
(MPC)7,8. Most of these MPCs are found over the Southern Ocean and the
Northern Hemisphere extratropical storm track9, but they can also exist in
more extreme environments such as the Arctic and over high-latitude polar
ice sheets7,10–12. Active satellite observations between 2006 and 2011 suggest
that MPCs have a global mean cloud radiative effect of−3.4Wm−2, driven
by a strong cooling in the shortwave part of the spectrum4. While passive
satellite sensors struggle to accurately detect cloud phase13,14, active satellite

sensors such asonboardCloudsat and theCloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) satellites provide a more
accurate picture of the global distribution and climate impacts of MPCs.

MPCs are still one of the leading causes of uncertainties in pro-
jecting global climate change15–18, despite the fact that Cloudsat and
CALIPSO have been in orbit for 16 years19, advances in ground-based
observations of MPCs andmore sophisticated cloud parameterizations in
state-of-the-art climate models. A notable part of the uncertainty from
MPCs results from the fact that even within one mixed-phase cloud
system, the water and ice phases are not homogenously mixed, neither
horizontally nor vertically20,21. Because cloud parameterizations assume
homogeneously mixed ice and liquid particles, cloud parameterizations
often grow too much ice at the expense of supercooled liquid droplets via
a too-efficient Wegener–Bergeron–Findeisen (WBF) process22,23. This

1School of Geographical Sciences, University of Bristol, Bristol, UK. 2Department of Geosciences, University of Oslo, Oslo, Norway. 3Department of Atmospheric
Sciences, University of Washington, Seattle, WA, USA. 4Department of Atmospheric and Oceanic Sciences, University of Colorado, Boulder, CO, USA. 5Coop-
erative Institute for Research in Environmental Science, University of Colorado, Boulder, CO, USA. 6Department of Applied Physics and Applied Mathematics,
Columbia University, New York, USA. 7NASA Goddard Institute for Space Studies, New York, USA. 8Institute of Meteorology and Climate Research, Karlsruhe
Institute of Technology, Karlsruhe, Germany. 9Department of Technology Systems, University of Oslo, Oslo, Norway. e-mail: s.hofer@bristol.ac.uk

Communications Earth & Environment |           (2024) 5:390 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01524-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01524-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-024-01524-2&domain=pdf
http://orcid.org/0000-0002-5249-1249
http://orcid.org/0000-0002-5249-1249
http://orcid.org/0000-0002-5249-1249
http://orcid.org/0000-0002-5249-1249
http://orcid.org/0000-0002-5249-1249
http://orcid.org/0000-0002-0573-5183
http://orcid.org/0000-0002-0573-5183
http://orcid.org/0000-0002-0573-5183
http://orcid.org/0000-0002-0573-5183
http://orcid.org/0000-0002-0573-5183
http://orcid.org/0000-0003-3479-4032
http://orcid.org/0000-0003-3479-4032
http://orcid.org/0000-0003-3479-4032
http://orcid.org/0000-0003-3479-4032
http://orcid.org/0000-0003-3479-4032
http://orcid.org/0000-0002-4001-1615
http://orcid.org/0000-0002-4001-1615
http://orcid.org/0000-0002-4001-1615
http://orcid.org/0000-0002-4001-1615
http://orcid.org/0000-0002-4001-1615
http://orcid.org/0000-0002-4388-2651
http://orcid.org/0000-0002-4388-2651
http://orcid.org/0000-0002-4388-2651
http://orcid.org/0000-0002-4388-2651
http://orcid.org/0000-0002-4388-2651
http://orcid.org/0000-0002-7405-5536
http://orcid.org/0000-0002-7405-5536
http://orcid.org/0000-0002-7405-5536
http://orcid.org/0000-0002-7405-5536
http://orcid.org/0000-0002-7405-5536
http://orcid.org/0000-0002-8509-0513
http://orcid.org/0000-0002-8509-0513
http://orcid.org/0000-0002-8509-0513
http://orcid.org/0000-0002-8509-0513
http://orcid.org/0000-0002-8509-0513
http://orcid.org/0000-0003-0695-9047
http://orcid.org/0000-0003-0695-9047
http://orcid.org/0000-0003-0695-9047
http://orcid.org/0000-0003-0695-9047
http://orcid.org/0000-0003-0695-9047
http://orcid.org/0000-0002-0068-2430
http://orcid.org/0000-0002-0068-2430
http://orcid.org/0000-0002-0068-2430
http://orcid.org/0000-0002-0068-2430
http://orcid.org/0000-0002-0068-2430
mailto:s.hofer@bristol.ac.uk


leads to an underestimation of liquid water at mixed-phase temperatures
across most climate models24–27. Climate models that have too much ice
in the current climate will also underestimate the temperature sensitivity
to anthropogenic greenhouse gas forcing, as with warming the transition
from ice to liquid produces an unrealistic increase in cloud albedo15.
However, while there is some evidence that ice and liquid particles are
not homogeneously mixed and that liquid water in MPCs often resides
near the cloud top8,28–30, little is known about the global distribution of the
supercooled liquid fraction (SLF) when comparing cloud top and cloud
interior.We conclude that it is imperative to treat the heterogeneity of ice
and liquid patches in the mixed-phase cloud regime between −38 and
0 °C to reduce uncertainties from the MPC phase in future climate
projections. However, so far this has not been done in studies that
observationally constrain MPCs globally.

In this study, we use novel Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) satellite lidar observations of the SLF in MPCs not
just for the cloud interior, but for the first time also for the global cloud-top
phase. We show that mixed-phase cloud tops contain more liquid on
average than the cloud interior everywhere globally, a pattern that is
remarkably constant year-round and over both hemispheres and has so far
not been reported on a global scale. Further, we use the separate information
about cloud-top and interior phases to advance our ability to constrain
MPCs in a state-of-the-art Earth System Model (Norwegian Earth System
Model—NorESM2)31. After adjusting the cloud top and interior SLF over
the current climate, wefindan increase in climate sensitivity of+1.0 °C for a
cumulative global forcing of +100Wm−2 (sum of annual radiation
imbalance at the top of the atmosphere, Table 1). Additionally, observa-
tionally constraining the MPC phase notably reduces the biases in top-of-
the-atmosphere radiation when compared to CERES satellite observations
over the current climate, which also enhances the robustness of our future
climate projections.Our results—expanding the approachfirst tested for the
Arctic in ref. 32—provide amore sophisticated approach to constrain global
mixed-phase cloud phase5,15,33. In our NorESM2 climate, the parameter
choice for constraining the cloud top and interior phase in our simulations
at the same time are notably different from only using an observational
constraint on the cloud interior phase. Given thatmost climatemodels used
in the Climate Model Intercomparison Project 5th and 6th phase (CMIP5,
CMIP6) overestimate the ice phase in the mixed-phase temperature
range24–27, it could indicate that the climate sensitivity across themodels used
in the latest Intergovernmental Panel on Climate Change (IPCC) AR6
report is biased low and would increase if similar observational constraints
were applied27.

Results
A novel approach to constrain MPCs in climate models
Wedevelopedanewapproach to characterizeMPCsglobally.With this new
approach, we can distinguish between cloud top and interior SLF in MPCs
globally on isothermsbetween−40and0 °C (Fig. 1a).While lidar signals are
usually thought to attenuate quickly inMPCs, the CALIOP lidar penetrates
far enough into opaque clouds to retrieve information about two distinct
MPC layers32,34. Figure 1b shows that for opaque clouds, where the lidar
signal is fully attenuated, the signal travels on average 1.67 ± 0.49 km
(Fig. 1b) into opaque clouds globally34.While the lidar beam travels furthest
into opaque clouds in the tropics (~2 km), it penetratesmore than 1 km into
opaque clouds across all latitudes (Fig. 1b, right). Observational studies
show that geometric cloud depth peaks around 1 km35,36. Therefore, we are
confident that our novel algorithm can detect cloud interiors that are at least
1 km below the sampled cloud tops in a completely different thermo-
dynamic regime (cloud phase, temperature and height).

Widespread persistence of liquid-top mixed-phase clouds
Our novel partitioning of MPCs into cloud top and interior shows that
liquid-top MPCs seem to be the rule and not the exception in the climate
system globally (Fig. 1c). On the −20 °C isotherm, the difference between
the 4-yr-average (2009–2013) cloud-top and interior SLF is positive

everywhere, i.e. cloud tops aremore liquid (Fig. 1c). Further, in the northern
and southern extratropics we see the most liquid cloud tops, where MPCs
contain on average between 50% and 60%more supercooled liquid in their
tops than in their interiors (Fig. 1c, right). Conversely, the least difference
between observed cloud-top and interior SLF occurs in the tropics, where
greater convection-initiated atmospheric mixing likely hinders the forma-
tion of thermodynamically distinct cloud layers in the mixed-phase tem-
perature range. Surprisingly, the prevalence of MPCs containing a more
liquid top has not been presented globally, even though most in-situ point
observations in themid- to high-latitudes alreadyfind that liquid-topMPCs
are a persistent feature locally7,8,28–30. Assessing the spatial distribution of
cloud-top minus interior SLF in the MPC regime with our novel satellite
observations—however—clearly shows that liquid-top MPCs are more
widespread globally than previously thought.

Observed liquid-top MPCs also dominate the mixed-phase tempera-
ture regime when looking across all seasons, vertical levels, temperatures
and areas outside of the tropics (Fig. 2a–c). Figure 2a shows that globally
there is little seasonal variation in cloud interior SLFs (Fig. 2a, left curves)
and cloud-top SLFs (Fig. 2a, right curves) when looking at CALIOP global
satellite observations. Further, we see the most notable difference between
cloud-top and cloud-interior SLF between −30 and −10 °C. Below and
above this temperature regime the gap narrows slightly due to limited INP
activation (T >−10 °C) and increasing heterogeneous (T <−30 °C) and
homogeneous freezing of cloud droplets (T <−36 °C). Spatially, we see the
mostnotable seasonal variability in SLF in thenorthern extratropics (≥30°N,
Fig. 2b), while the southern extratropical (≥30°S) SLFs are very stable across
all seasons (Fig. 2c). Note however, while the northern extratropical SLFs
varymore throughout the year, the difference in SLF between cloud top and
interior stays remarkably similar. For example, on the−20 °C isotherm the
cloud-top SLF lies at 83.4% in summer (JJA) and increases to 88.5% in
winter (DJF), while it also increases from 30.1% in JJA to 40.6% in the
interior of the observed MPCs (Fig. 2b). We, therefore, conclude that the
more liquid MPC tops compared to cloud interiors are not an artefact of
spatial or temporal averaging, but rather are a remarkably robust feature of
the climate system across seasons and geographical locations (Fig. 1a–c).

Constraining climatemodel simulations with novel mixed-phase
cloud observations
Constraining MPCs globally leads to a notable cooling at the top-of-the-
atmosphere (Fig. 3a, right). Overall, the unconstrained NorESM2 Control
simulation with prescribed ERA-reanalysis circulation (2009–2013) pro-
ducesMPCs that contain toomuch ice, both at the cloud top and the cloud
interior compared to theCALIOP satellite observations (Fig. 3a, “Original").
After reducing the concentration of INPs, the WBF process efficiency and
convective ice detrainment we get both the cloud interior (mean bias:
−12.8% before, 0.3% after SLF tuning) and cloud top (mean bias: −15.3%
before, 4.2% after SLF tuning) into good agreement with satellite observa-
tions (Fig. 3a left, “Constrained"). Note, that the best parameter choice
strongly depends onwhetherwe only constrain for the cloud interior (WBF
factor 0.1, INP factor: 0.001, no detrainment temperature adjustment
required) or for the cloud interior and cloud top at the same time (WBF
factor: 0.5, INP factor: 0.001, Detrainment Temperature ramp: 5 °C; see the
“Methods” section). Because we notably increase the SLF in global MPCs,
we cool the top-of-the-atmosphere by −1.8Wm−2, most notably in the

Table 1 | Global warming vs. global cumulative radiative
forcing

Forcing (Wm−2) Control (ΔT) Global (ΔT) N-ET (ΔT) S-ET (ΔT)

25 0.7° 1.5° 0.9° 1.0°

50 1.4° 2.4° 1.7° 1.7°

75 2.0° 3.0° 2.3° 2.4°

100 2.6° 3.6° 2.9° 2.9°
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northern extratropics (−1.8Wm−2) and southern extratropics
(−3.6Wm−2). The northern and southern extratropics are knownhotspots
for prevailing MPCs, and we see the largest increase in cloud liquid water
content in these areas (Fig. S1A–C), alongside modest increases in cloud
cover in the northern extratropics and the tropics (Fig. S1A, B). On average,
we see no change in the tropical top-of-the-atmosphere net radiation bal-
ance (Fig. 3A).Weconclude that increasing the SLF leads tooptically thicker
and brighter MPCs, which reflect more shortwave radiation back to space.
This cooling by up to −8Wm−2 over the Southern Ocean would usually
occur with warming due to a transition from the ice to the liquid phase.
Therefore, in a warming climate, our observationally constrained simula-
tions will not produce an artificially strong cooling cloud-phase feedback
due to an unrealistically low base-state SLF in MPCs37.

Constraining MPC top and interior phases in the northern and
southern extratropics regionally leads to a similar local cooling as for the

global constraint (Fig. 3b, c). Again, in both areas, the NorESM2 Control
simulation with prescribed reanalysis circulation severely underestimates
the local SLF in MPCs, both at the cloud top and in the interior (Fig. 3b, c,
“Original", left). Initially, over the northern extratropics NorESM2 Control
underestimates SLF by −11.5% at the cloud top and −9.9% for the cloud
interior (Fig. 3b, “Original"). We find a similar underestimation of the SLF
when looking at the southern extratropics (−15.9% at the cloud top and
−6.8% at the cloud interior, Fig. 3c). However, in both areas we can match
the observed MPC phase regionally with the same approach. By increasing
the SLFs in the MPC regime more locally, we induce a top-of-the-
atmosphere cooling in close alignmentwithourglobal constraint (Fig. 3b, c).
Additionally, we only find limited evidence for notable radiative cooling/
heating teleconnections towards the tropics or the other hemisphere when
constrainingMPCs only over the northern- or southern extratropics. Note,
however, that in our simulation in Fig. 3, the atmospheric circulation is

Fig. 1 | Novel observations of mixed-phase cloud
top and interior phase. a Schematic of “previous"
and “new" methods to retrieve MPC supercooled
liquid fraction from CALIOP observations. COD
indicates the cloud's optical depth. b Global opaque
cloud penetration depth in km (for a detailed data
description see Guzman et al., 2017)34. c CALIOP
lidar observations of the difference between cloud
top SLF (%) and cloud interior SLF at the −20 °C
isotherm. Line graph on the right shows a cross-
section of the mean SLF difference for each latitude
band. Note that across all latitudes, the difference is
positive, i.e., cloud tops are more liquid (darker
colours indicate more liquid cloud tops).
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prescribed by the ERA-Interim reanalysis whenwematch the cloud top and
cloud interior phase.Therefore, we do not allow the atmospheric circulation
to react to local changes in the energy budget from increasing the liquid
content of MPCs. We prescribe the synoptic-scale circulation when con-
straining the observed SLF in our simulations to exclude any differences in

cloud patterns and microphysics coming from changes in the atmospheric
circulation patterns. This constraint is not imposed on our three fully-
coupled simulations where we implement these observational constraints
on global and local MPCs (3× pre-industrial control simulations, 3× his-
torical, 3× SSP5–8.5).

Constraining mixed-phase cloud tops and interiors, additionally, also
leads to a better representation of the global energy budget in NorESM2.
Figure 3D shows the difference in mean bias between NorESM2 Control
and our three constrained simulations—a negative value indicates a lower
bias compared to the NorESM2 Control bias. It clearly shows that the
absolute bias in top-of-the-atmosphere radiation between NorESM2
simulations and CERES satellite observations decreases notably when we
constrain mixed-phase cloud SLFs. Globally, we find a decrease of
−0.8Wm−2 in net radiation bias for globally constrainedMPCs (NorESM2
Global) compared to the NorESM2 Control simulation (Fig. 3d, orange).
The improvement in top-of-the-atmosphere net radiation is especially
pronounced over the Southern Ocean (up to 8Wm−2), an area of long-
standing disagreements between climate models and observations38.
Observationally constraining cloud phase locally in NorESM2 S-ET and
N-ET yields very similar improvements in representing the global energy
budget as in NorESM2 Global when looking at the same region (Fig. 3d).

Our results indicate that there is some evidence for cloud-phase-related
teleconnections when modelling the hemispheric energy budget in the
northern extratropics. Here, we focus on the comparison of the northern
extratropics between the locally constrained NorESM2 N-ET simulation
comparedwith the globally constrained NorESM2Global. Our assumption
is, because both are constrained in the northern extratropics, that any dif-
ference here would have to be a result of differences outside of the northern
extratropics. Over the northern extratropics, NorESM2 Global reduces the
net radiation bias compared to CERES observations more than the only
locally constrainedNorESM2N-ET simulation. Conversely, wefind limited
evidence for notable teleconnections in the southern extratropical net
radiation bias, where NorESM2 Global and NorESM2 S-ET both impact
(reduce) the net top-of-the-atmosphere radiation bias equally over the
southern extratropics.

Observational MPC constraints increase climate sensitivity
Our fully coupled simulations show that our global observational constraint
on cloud SLF leads to the most sensitive global climate system (Fig. 4a, blue
line). For example, at +100Wm−2 of cumulative top-of-the-atmosphere
radiative forcing, NorESM2 Global warms by +1.0 °C more globally than
the NorESM2 Control SSP5–8.5 submitted for CMIP6 (Fig. 4a, red line).
Furthermore, we find that the two simulations where we constrain the SLF
only north of 30°N (NorESM2N-ET, orange) and south of 30°S (NorESM2
S-ET, green) both increase global climate sensitivity roughly equally com-
pared to the NorESM2 Control simulation (red). At +100Wm−2 cumu-
lative forcing NorESM2 N-ET and S-ET both warm by +2.9 °C, which is
0.3 °C more than NorESM2 Control. We conclude that observationally
constraining cloud top and interior SLFs globally, notably increases the
sensitivity of NorESM2 to a given radiative forcing in SSP5–8.5, which
would likely also result inNorESM2movingaway frombeing amodelwith a
low equilibrium climate sensitivity (ECS) towards a higher ECS39.

Our simulations also indicate that northern extratropical (N-ET,
>30°N) climate sensitivity is in large part defined by cloud-phase-related
feedbacks outside of the northern extratropics (Fig. 4b). When comparing
the 2015–2100 temperature increase between our globally constrained
NorESM2 Global (blue) and the only locally constrained NorESM2 N-ET
(orange), we see that NorESM2 Global is much more sensitive in the
northern extratropics to a given cumulative radiative imbalance. However,
both have observationally matched cloud phases north of 30°N. For
example, at +100Wm−2 of global radiative forcing, the NorESM2 N-ET
case warms by only +4.8 °C in the northern extratropics, whereas the
globally constrained NorESM2 Global simulations warms by +6.2, 1.4 °C
more despite the same global radiative imbalance (Table S1). Compared to
the unchanged NorESM2 Control simulation, the northern extratropics

Fig. 2 | Seasonality of observed CALIOP SLF at the cloud top and interior.
a Global observed SLF in MPCs from CALIOP satellite lidar measurements. The
solid lines represent the seasonal means for the cloud interior ("bulk"). The dashed
lines are the SLF at the cloud-top of MPCs for different seasons. b Same as a but for
the northern extratropics (north of 30°N). c same as a but for the southern extra-
tropics (south of 30°S).
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warm 1.6 times more (+6.2 °C (blue) vs.+3.8 °C (red)) at+100Wm−2 of
global radiative forcing in the NorESM2 Global simulation, compared to
only 1.25 times as much in the NorESM2 N-ET case (+4.8 °C (orange)
vs.+3.8 °C (red),Table S1). Further,we also see a slight sensitivity increase in
the northern extratropics when we constrain the SLFs in the southern
extratropics compared to the NorESM2 Control (Fig. 4b, green, +4.4 vs.
+3.8 °C) at+100Wm−2 global radiative imbalance (Table S1). Our results,

therefore, clearly indicate that at least half of the northern extratropical
climate sensitivity changes due to observational mixed-phase SLF con-
straints stem from changes in the cloud feedbacks and teleconnections
outside of the northern extratropics, i.e. the tropics and southern extra-
tropics. We conclude that models that only capture the local cloud phase
over the northern extratropics will still underestimate the local climate
sensitivity.
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The southern extratropics, conversely, seem to be only sensitive to the
local cloud phase (Fig. 4c, Table S2). While the northern extratropical cli-
mate sensitivity strongly increases with cloud phase changes outside of the
northern extratropics (Fig. 4b), in the southern extratropics, we see no
difference between the unconstrained NorESM2 Control (red) and Nor-
ESM2 N-ET (orange). They both have a similarly low-temperature sensi-
tivity over the southern extratropics (Fig. 4c). Conversely, NorESM2Global
and NorESM2 S-ET, both with constrained SLFs over the southern extra-
tropics, show a notably higher sensitivity to a given forcing. At+100Wm−2

of global radiative imbalance bothwarm almost exactly the same amount of
+1.5 °C (S-ET 1.48 °C, Global +1.57 °C, Table S2). This strikingly similar
behaviour between the globally versus locally constrained simulations over
the southern extratropics is very different from the northern extratropics.

In summary, we find that (i) over the northern extratropics the climate
sensitivity to a given forcing is mostly controlled by cloud-phase-induced
changes elsewhere, i.e.NorESM2Globalwarmsmore thanNorESM2N-ET
(Fig. 4b), (ii) over the southern extratropics climate sensitivity is mostly
controlled by local changes in cloud phase due to observational constraints
(Fig. 4c), (iii) for the global climate sensitivity the southern and northern
extratropics are equally important (Fig. 4a). We hypothesize that the
southern extratropics react much more slowly to cloud-phase induced cli-
mate sensitivity changes elsewhere, because the upwelling bottom water
across the Southern Ocean takes centuries to transport surface climate
signals into the southern extratropics40.

Contribution of cloud feedbacks to the increase in climate
sensitivity
Partitioning the cloud feedback into their contributing factors highlights
that differences in global climate sensitivity stem partly from a difference in

global net cloud feedback (Fig. 5a41,42). The NorESM2 Global simulation
yields global net cloud feedback in the middle of the 21st century
(2041–2050 average feedbacks, regressed against the pre-industrial control
climate) of +0.26Wm−2/K, compared to +0.16Wm−2/K for the uncon-
strained control simulation (Fig. 5a, “Total", Supplementary Fig. S2). The
NorESM2 Control simulation’s net cloud feedback is, therefore, 39%
lower than in the NorESM2 Global simulation with constrained SLFs. The
most notable contribution to the difference in global cloud feedback stems
from a difference in the net cloud optical depth (Fig. 5a, “Tau") and net
altitude (Fig. 5a, “Alt") feedback. The difference in the net cloud optical
depth feedback mostly stems from the shortwave cloud optical
depth feedback (Fig. S2, “SW-Tau"). This is a direct result of a higher global
base-state SLF with globally constrained MPCs, leading to a lower increase
in global cloud albedo due to less efficient ice-to-liquid phase transitions
with warming.

Conversely, the most notable contribution to the global net altitude
feedback difference comes from the longwave cloud altitude feedback
(Fig. S2). Most of this increase in the altitude feedback comes from the
changes in the tropical LW cloud feedback (Fig. S3, third panel). Here, it is
well established that tropical clouds rise with warming, allowing them to
trap more longwave radiation43. In our simulation, we affect tropical clouds
by detraining more tiny liquid droplets, subsequently potentially leading to
slower sedimentation rates due a larger fractionof tinydroplets compared to
larger ice crystals, and therefore an apparent lifting of clouds due to being
longer-lived at higher altitudes. In mid-to-high latitudes, our approach of
increasing the SLFs in themixed-phase temperature rangemostly increases
optically thick low-level clouds.However, this is an areawhere the longwave
radiative kernels used to calculate the cloud feedback by Zelinka et al.41 are
not sensitive to any changes in cloud optical depth or altitude.

Fig. 3 | Constrained SLF and its impact on top-of-the-atmosphere radiation.
a Left top “Original" NorESM2 (2009–2013) SLF (%) vs atmospheric (vertical)
temperature (°C). Black lines indicate observed cloud interior (dotted) and cloud top
(dash-dot) from CALIOP observations, orange and blue lines indicate NorESM2
SLF. Left bottom SLF versus temperature for the same NorESM2 setup but with
observationally constrained SLF. The SLF vs. temperature figures show the SLF
curves for the geographical areas indicated with the dark red rectangle on the map
plot. All NorESM2 simulations used for matching CALIOP observed are with
nudged ERA-Interim circulation. Map plot shows the difference in top-of-the-
atmosphere (TOA) net radiation between NorESM2 Global with constrained SLF

minus the unconstrained NorESM2 setup (blue indicates a cooling when SLFs are
constrained). b Same as a but NorESM2 only constrained in the northern extra-
tropics (≥30°N). c same as b but for the southern extratropics (≥30°S). d Absolute
change in top-of-the-atmosphere radiation bias (Wm−2) between NorESM2 Con-
trol and three NorESM2 simulations with constrainedMPCs.We computed the bias
for each simulation compared to CERES satellite observation first and then com-
puted the difference between the NorESM2 Control and our three constrained
simulations. A negative value indicates a lower bias in the constrained simulation
than in NorESM2 Control when compared to CERES observations of TOA
radiation.

Fig. 4 | Sensitivity for a given top-of-the-atmosphere radiative imbalance between
2015 and 2100 under SSP5–8.5 forcing. a Shows the global cumulative residual top
of the atmosphere radiative flux (RESTOM Wm−2) versus the global change in
temperature during the SSP5–8.5 period of 2015–2100. The further to the top left the
more sensitive is a given simulation. “Control" (red) is the unchanged NorESM2
Control SSP5–8.5 simulations, “S-ET" (southern extratropics, green) refers to the

simulation with constrained mixed-phase SLF south of 30°S, “N-ET" (northern
extratropics, orange) refers to the simulation with constrained SLF north of 30°N
and “Global" (blue) refers to the simulations where SLF is constrained globally.
b Same as a but showing the northern extratropics temperature changes versus the
global RESTOM. c same as a but showing the southern extratropics temperature
changes versus the global RESTOM. Note the different ranges on the y-axis in (a–c).
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We see a slightly more complex behaviour when comparing the global
cloud feedbacks (Fig. 5a) to those of the southern extratropics (Fig. 5b): in
contrast to the global values, the total cloud feedback in the southern
extratropics is negative in both simulations. The net total southern extra-
tropical cloud feedback inNorESM2Global is−0.42Wm−2/K compared to
−0.64Wm−2/K in the unconstrained NorESM2 Control (Fig. 5c, “Total").
Therefore, our novel approach to constrainingmixed-phase clouds globally
leads to a 34% increase in the net cloud feedback over the southern extra-
tropics. This behaviour is in line with what we expect when we tune the
supercooled liquid fraction in NorESM2 to match satellite observations of
MPCs over the historical period. One would expect this modification to
yield a more positive/less negative net cloud feedback due to less cooling
from ice-to-liquid phase transitions and less additional shortwave cooling in
a warming climate. We do indeed see this behaviour when looking at the
partitioning of the cloud feedbacks (Fig. 5b). Most of the difference in the
total cloud feedback between NorESM2 Global and Control comes from a
less negative cloud optical depth feedback with warming (Fig. 5b, “Tau").
Most of these cloud optical depth feedback differences stem further from a
difference in the shortwave part of the spectrum (Fig. S2). The less negative
net cloud feedback over the southern extratropics is in line withwhat we see
when we compare the climate sensitivities in Fig. 4c.

Over the northern extratropics, we see hardly any difference in cloud
feedback between the constrained NorESM2 Global simulation
(0.18Wm−2/K) and the NorESM2 Control simulation (0.17Wm−2/K,
Fig. 5c). Here, the cloud optical depth feedback is—contrary to our expec-
tations—more negative in NorESM2 Global (−0.42Wm−2/K) than in the
control simulation (−0.28Wm−2/K, Fig. 5c, “Tau"). This difference is
mostly offset by a more positive cloud altitude feedback ("Alt"), while the
cloud amount feedback is very similar. The similarity in net cloud feedback
over thenorthern extratropics, however, further amplifies our interpretation
that the change in climate sensitivity over thenorthern extratropics ismostly
driven by changes in mixed-phased clouds outside of the northern extra-
tropics (Fig. 4b).

Discussion
Here we observationally constrain cloud-top and interior SLF in MPCs at
the same time in a global climate model. Previous studies that observa-
tionally constrained MPCs only focused on one bulk metric representative
of the cloud interior phase of MPCs, thereby neglecting the vertical inho-
mogeneity of the water phase with distinctly more supercooled liquid
concentrated inMPC tops (Fig. 1c)33. First, by observationally constraining
cloud top and interior SLF, we show that NorESM2 can be tuned to match
the global phase separation betweenmostly liquid cloud tops andmore ice-
containingMPC interiors.Wefind that the tuning parameters tomatch SLF
observations for the cloud top and interior in the cloud microphysics in
NorESM2 are different from matching only the cloud interior phase. Sub-
sequently, we demonstrate that these observational constraints on cloud top
and interior phase between −40 and 0 °C in NorESM2 lead to a notably
more sensitive climate system (i.e. morewarming for a given anthropogenic
greenhouse gas forcing, Fig. 4). When constraining MPCs globally, the
sensitivity for a given net top-of-the-atmosphere cumulative forcing of
50Wm−2 increases fromwarming of 1.4 to 2.4 °C, while it rises from 2.6 to
3.6 °Ċ at 100Wm−2.We present evidence that part of this increase in global
climate sensitivity is driven by an increase in net cloud radiative effect
(Fig. 5a) due to a less negative cloud optical depth feedback but also due to a
slightlymore positive cloud altitude feedback compared toNorESM2N-ET
and S-ET.

When looking at the hemispheric impacts of constrained MPCs, we
find a slightly contrasting picture. While the northern extratropics’ climate
sensitivity increases with both local and remote cloud phase constraints, the
southern extratropics only react to local changes in the cloud phase. We
hypothesize that this contrasting impact of northern and southern extra-
tropical MPCs on global climate sensitivity is due to the fact that the
upwelling ocean water around Antarctica is very old and, therefore, delays
the communication of climate signals from other parts of the Earth towards

Fig. 5 | Decomposed cloud feedbacks during 2041–2050. a Net global cloud
feedbacks (Wm−2 K−1, vertical axis) from the NorESM2 Global simulations
(2041–2050 average) with globally constrained SLF (black), compared to the
unconstrained NorESM2 Control simulation (pale pink). Shown here are the mean
2041–2050 cloud feedbacks for each simulation, regressed against the pre-industrial
temperature anomalies (see the “Methods” section). b The horizontal axis labels
describe the “Total" net cloud feedback, the net cloud amount feedback ("Amt"), the
cloud altitude feedback ("Alt"), the net cloud optical depth feedback ("Tau") and the
net residual term not attributed to any of the beforementioned components ("Err").
b Same as a but looking at the southern extratropics ("S-ET"). c Same as a but for the
northern extratropics ("N-ET").
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the SouthernOcean40.However, for the global climate sensitivity, our results
indicate that constrainining MPCs in the northern and southern extra-
tropics locally is of similar importance.

Our results emphasize that climate models that underestimate the
contemporary SLF of MPC tops and interiors are very likely to project too
little warming with increasing anthropogenic emissions (Fig. 4). Our Nor-
ESM2 SSP5–8.5 simulations with constrained MPCs strongly indicate that
observationally constraining MPC top and interior SLF leads to a better
representation of key climate parameters for the contemporary climate.
Most notably it decreases the bias in net top-of-the-atmosphere radiation
when compared to CERES satellite observations over the current climate
(Fig. 3d), creating a more physically coherent state of the climate system.
When we constrain clouds globally, we reduce the global net top-of-the-
atmosphere radiation bias by 0.8Wm−2. This better representation of the
net energy budget is especially pronounced over the Southern Ocean in
NorESM2, where we reduce the local net energy flux bias by up to 8Wm−2,
an area of long-standing biases in the cloud phase across most climate
models used in climate assessment reports38. Further, due to a lack of a
thorough investigation of the MPC phase across all climate models used in
the Intergovernmental Panel on Climate Change’s latest assessment report
(AR6),we believe that biases of similarmagnitude are likely present inmany
climate models used to make policy-relevant decisions. Our results clearly
show that implementing themost realistic representation of theMPCphase
to date can add an additional +1 °C of 21st-century warming at a given
anthropogenic forcing level. We, therefore, conclude that state-of-the-art
climate models need to be validated against novel observations of MPC
phase for the top and interior of MPCs to reduce the prevalent and
potentially widespread biases of 21st-century warming rates.

Methods
CALIOP lidar supercooled liquid fraction observations
The observations consist of 4-year global data (from June 1, 2009 toMay 31,
2013) retrieved from the CALIOP lidar v419,44, the active sensor onboard
NASA’s polar-orbiting CALIPSO satellite. We focus on cloud top and in-
cloud SLF, computed globally on isotherms from −40 to 0 °C with a 5 °C
increment as the ratio between the number of liquid cloud layers and the
sumof ice plus liquid cloud layers (Fig. 1a).TheCALIOPretrievals identify a
binary ice or liquidphase for eachcloud layer. The temperature data for each
cloud layer is interpolated from MERRA-2 reanalysis data45,46. CALIOP’s
nominal resolution is 30m in the vertical and 333m in the horizontal, but
here we use CALIOP Level 2 data (v.4.2)19,44 with a horizontal resolution of
5 km before applying the 5 °C binning in the vertical. The cloud top SLF is
assigned as the highest layer of the cloud once the cloud optical depth
(COD) reaches 0.345. This threshold (COD< 0.3) filters out any optically
thin cirrus clouds and has been developed by Bruno et al.45 to allow a like-
for-like comparison with AVHRR sensors, which have notable limitations
in detecting ultra-thin clouds47. Meanwhile, the in-cloud SLF is computed
from the highest cloud layers with an accumulated optical depth of <3. To
obtain the in-cloud temperatures—used for the computation of SLF on
isotherms—a linear interpolation between the cloud top and bottom layers
is performed taking into account the height-dependent vertical resolution of
CALIOP vertical profiles.

Previously, satellite retrievals and observational climate model con-
straints of MPCs were purely based on the in-cloud SLF (Fig. 1a, left).
Counterintuitively, MPCs often consist of a liquid layer at the cloud top,
where temperatures are colder than in the interior7,8,28–30,38. The additional
observational constraint on liquid cloud layers in global MPC tops notably
changes our parameter choice to match the cloud-top phase in NorESM2.
Therefore, the observed cloud-top phase is a powerful additional parameter
to narrow down uncertainties in cloud-climate feedback and the general
contribution of MPCs to climate sensitivity.

Norwegian Earth System Model 2
In this study, we use the second version of the Norwegian Earth System
Model (NorESM2)31, which is a slightlymodified version of theCommunity

Earth System Model (CESM2)48. The biggest difference between the two
models is that NorESM2 contains a different ocean and ocean bio-
geochemistry model. However, the most relevant difference between Nor-
ESM2 and CESM2 in relation to our study design is the different treatment
of aerosols and their interaction with clouds and atmospheric radiation in
NorESM231,49,50. The atmospheric component of NorESM2 is based on the
Community Atmosphere Model version 6 (CAM6), which contains a two-
moment cloud microphysics scheme with prognostic mixing ratios for
different water species in addition to prognostic cloud particle number
concentrations16. We run our simulations with NorESM2-MM, with a
1.25° × 0.9375° horizontal land and atmosphere horizontal grid spacing.
The atmosphere contains 32 vertical hybrid pressure levels with a rigid lid at
3.6 hPa. For the fully coupled simulations, we run the ocean model in
NorESM2 (BLOM) on a tripolar grid with 53 vertical layers and an
approximate horizontal resolution of 1° zonally and 0.25° meridionally (at
the Equator). Throughout our study we use latitudinally weighted monthly
mean output from NorESM2.

Implementation of observational constraints in NorESM2
Based on our newmethod to extract robust information about theMPC top
phase in addition to the cloud interior phase, we constrain the SLF in our
global climatemodelNorESM231.We observationally constrain themodel’s
SLF between −40 and 0 °C within three fully coupled
NorESM2 simulations. We constrain the SLF (1) globally, (2) for the
northern extratropics north of 30°N and (3) for the southern extratropics
south of 30°S for the period 2009–2013 when we have concurring CALIOP
satellite observations. We have compared global SLFs for a one-year period
with the average over four years and found no notable difference. Addi-
tionally, the seasonal and, therefore, intra-annual variability of the global
SLF (Fig. 2a) is also very low. Therefore, the data strongly suggests that
interannual variability in global mean SLF is minimal. Initially, we use
atmosphere-only NorESM2 simulations with prescribed ERA-Interim
reanalysis atmospheric circulation to exclude any confounding influence
from circulation changes between the simulations when matching the
observed SLFs (Fig. 3a–c, left). Hereby, we change the efficiency of theWBF
process, the concentration of aerosols acting as ice nucleating particles for
heterogeneous freezing of liquid droplets in the mixed-phase temperature
range and the temperature at which detrainment from convection switches
from the ice phase to liquid (see the “Methods” section and ref. 32 for a
detailed description). After we minimize the mean bias between observa-
tions and atmosphere-only simulations with prescribed reanalysis circula-
tion, we then implement the same changes to the cloud microphysics in
three fully coupled NorESM2 pre-industrial control, historical and
SSP5–8.5 simulations. We use the novel information about cloud-top and
interior SLF to constrainMPCsvia adjustments in the cloudmicrophysics in
NorESM251–53, which uses a variation of CAM6 also used in CESM248. Here,
we focus our efforts on three distinct parts of themicrophysics of themodel,
namely (1) the efficiency of the WBF process, (2) the amount of ice-
nucleating particles (INPs) forming ice through heterogeneous nucleation
and (3) the detrainment of ice particles from convection. Additionally, we
first develop microphysical adjustment parameters to match the global
(82°N to 82°S) observeddistribution of the SLF fromCALIOPbetween−40
and 0 °C, before also adjusting MPC phase only for the northern extra-
tropics north of 30°N and for the southern extratropics south of 30°S.More
local adjustments allow us to compare whether the tuning to local obser-
vations is notably different from adjusting the cloud phase globally and
whether we see strong teleconnections between locally constrained cloud
phase and global climate feedback.

A common thread across all three simulations is thatwe have to reduce
the efficiency of the WBF process, the number of INPs heterogeneously
nucleating ice and the amount of ice detrained from convection to account
for the overestimation of ice at mixed-phase temperatures in NorESM2
(Table 2).

We reduce the efficiency at which ice crystals grow at the expense of
liquid droplets by 50% (WBF factor: 0.5) across all three simulations
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compared to the control simulation ofNorESM2 used for CMIP6 (Table 2).
Generally, our aim is to increase the SLF inMPCs andmatch CALIOP SLF
observations as accurately as possible. We see the main reason behind
having to strongly reduce theWBFprocess efficiency inNorESM2 is the fact
that climate models assume a homogeneous mixture of ice and liquid
particles within one grid box. Therefore, the efficiency at which ice crystals
grow and deplete the amount of liquid in the mixed-phase temperature
range is likely too efficient. Previous studies have clearly shown that ice and
liquid droplets are more commonly found in separate pockets, minimizing
the contact area between parts ofMPCswhere theWBF could occur20–22,28,54.
Zhang et al. (2019)20, for example, found that the volumes where ice and
liquid particles are homogeneously mixedmade up only roughly 15% of all
clouds in the mixed-phase temperature range during the HIAPER Pole-to-
Pole Observations (HIPPO) campaign. Additionally, the environmental
vapour pressure depends on the vertical velocity, where even relativelyweak
updrafts causedby regular convection, atmosphericwaves or turbulence can
be enough to create an environment where ice and liquid particles grow
simultaneously, rendering the WBF process less important. This adds to
uncertainties in the MPC phase from subgrid parameterizations in global
climate models22.

However, most of these observational studies on phase heterogeneity
use the horizontal distribution of ice and liquid pockets to make assump-
tions about the limited contact area between the ice and liquid phase. Our
study, however, addsnovel information about the vertical inhomogeneity by
showing that liquidwater ismore likely to beobserved in cloud tops globally,
while MPC interiors are statistically more likely to be made up of ice?
(Figs. 1 and 2)7.

Furthermore, we reduce the amount of INPs available across all
simulations by a factor of 103 (INP factor: 0.001). Observational studies
show that INPs are important for controlling cloud phase55–57 and that
climate models overestimate the amount of activated INPs in regions with
the most frequent MPCs. This is especially pronounced over the Southern
Ocean and the Arctic, where model INP concentration can be orders of
magnitude too high58–60. Regions with the most frequent MPCs often have
very pristine oceanic airmasseswith very few INPs61,62.We conclude thatwe
have to reduce the number of active INPs in NorESM2 by orders of mag-
nitude, but the exact value also depends on the values chosen for the otherfit
parameters as also found in perturbed parameter ensemble experiments in
CAM663.

Lastly, in addition to limiting the WBF process efficiency and INP
concentrations, we also change the linear relationship that controls the
phase of cloud particles being detrained from convective updrafts in
NorESM2. Generally, in NorESM2 and most other GCMs, convective
cores have no effect on the radiative transfer in the model. However, the
convection scheme calculates the convective mass fluxes, alongside the
level at which cloud condensate is detrained and subsequently enters
stratiform clouds. In our study, we only change the microphysics of
stratiform clouds. As soon as the cloud condensate is detrained from
convection and enters a stratiform cloud, it becomes “visible" to radia-
tion. Additionally, convective mass detrainment is a source term for ice
and liquid in the stratiform cloud scheme of NorESM2.What proportion
of the detrained convective cloud condensate enters the stratiform cloud
scheme in the form of liquid vs. ice is usually a function of temperature.

This is the function we adjust in this study, to allow more liquid to enter
the stratiform clouds from convection.

In the unchangedNorESM2Control, the relationship states that below
−35 °Call particlesdetrained fromconvection consist of ice (TIce_Detrainment,
Table 2), while all particles detrained above −5 °C (TLiquid_Detrainment,
Table 2) are liquid droplets. Between TIce_Detrainment and TLiquid_Detrainment

there is a linear temperature ramp that defines the fraction of ice to liquid
particles as

r ¼ TLiquid Detrainment � T

TRamp
; ð1Þ

where T is the temperature of the convective updraft for temperatures
between TLiquid_Detrainment and TIce_Detrainment and

TRamp ¼ TLiquid Detrainment � T Ice Detrainment: ð2Þ

In our simulationswe keep the temperature belowwhich all of the detrained
particles are considered ice crystals constant, but notably, lower the tem-
perature above which all particles are considered liquid droplets in Nor-
ESM2 from −5 °C in NorESM2 Control to between −20 and −30 °C (see
Table 2). Thereby, we increase liquid detrainment from convective cores,
leading to an overall increase of SLF in MPCs.

Description of simulations
Overall, we run three different fully coupled sets of simulations (pre-
industrial, historical and SSP5–8.5) with constrainedMPC top and interior
phases. We use 4-year-long atmosphere-only simulations to match
CALIOP MPC phase observations (top and interior) to NorESM2 cloud
phase between 2009 and 2013 as done for the Arctic in ref. 31.

NorESM2 control. Version of NorESM2-MM (~1° resolution) used for
the CMIP6 model intercomparison project. We use the pre-industrial,
historical and extreme high-emission scenario SSP5–8.5 simulations in
this study as a baseline for our runs with observationally
constrained MPCs.

NorESM2global. Same general setup as above, but we use CALIOP lidar
observations of globalMPC top and interior phase to constrain the cloud
phase between 82°S and 82°N. First, we nudge the ERA-Interim circu-
lation over 2009–2013 to create the best fit between observed SLF in
MPCs from the CALIOP lidar and NorESM264, which we compare to a
nudged NorESM2 Control simulation for the same period. Afterwards,
we produce fully coupled simulations for pre-industrial, historical and
SSP5-8.5 (until 2100) using the same cloud phase tuning parameters.

NorESM2 N-ET. Same as NorESM2 Global, but we use CALIOP lidar
observations of global MPC top and interior phase to constrain cloud
phase only in the northern extratropics between 30°N and 82°N.

NorESM2 S-ET. Same as NorESM2 Global, but we use CALIOP lidar
observations of global MPC top and interior phase to constrain cloud
phase only in the southern extratropics between 82°S and 30°S.

Calculation of cloud feedback in NorESM2 simulations
To disentangle the contributing factors to the difference in global warming
and climate sensitivity coming from cloud-climate feedbacks between
NorESM2 simulations with observationally constrained MPCs and
unconstrained cloud phase, we use the radiative kernel technique described
in refs. 40,41. Hereby, we gain information about the net total, amount,
altitude and optical depth feedback, in addition to a residual term that
cannot be attributed to anyof these categories. These are further divided into
their shortwave, longwave and net contributions.

To compute and partition the cloud feedback, we turn on the Cloud
Feedback Model Intercomparison Project (CFMIP) Observational

Table 2 | Parameter choices to observationally constrain
mixed-phase clouds in NorESM2

Modification Control Global N-ET S-ET

INP factor 1 0.001 0.001 0.001

WBF factor 1 0.5 0.5 0.5

TRamp 30° 5° 15° 10°

TLiquid_Detrainment −5° −30° −20° −25°

TIce_Detrainment −35° −35° −35° −35°
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SimulatorPackage v.2 (COSP2)65 inNorESM2 for a 10-year period, every 50
years. Therefore, we can only compute cloud feedback in the SSP5–8.5
period during 2041–2050 and 2091–2100.Generally, we regress the changes
in cloud radiative fluxes from cloud kernels onto the global temperature
anomaly between the pre-industrial control climates of our simulations and
the corresponding time period where we have COSP output for cloud
feedback calculations, for example, 2041–2050. In theory, we can compute
the cloud feedback compared to the pre-industrial control climate in this
way for 1941–1950 (historical), 1991–2000 (historical), 2041–2050
(SSP58.5) and 2091–2100 (SSP58.5). However, we mostly focus on the
period 2041-2050, as this is the periodwhere the climate sensitivities diverge
themost in our simulations. Cloud feedback over the historical period is not
meaningful as the temperature changes are close to 0 compared to the pre-
industrial control climate, and therefore regressing (i.e., dividing) by the
temperature anomalies does not yieldmeaningful results.We restrict theuse
of the additional outputs from COSP2 because it adds around 20% of
computational costs to an already computationally expensive fully coupled
and high-resolution NorESM2 setup. Despite using a non-standard tran-
sient climate setup to compute cloud feedback in SSP5-8.5, our cloud
feedback values are similar in magnitude to those found by Zelinka et al.17,
Gjermundsen et al.66 and Zelinka et al. 67.

New climate sensitivity metric for transient climate simulations
Throughout this manuscript, we are interested in how and why climate
sensitivity changes when we observationally constrained mixed-phase
clouds.We have focused on amore “realistic" set of simulations that explore
transient climate change through the end of the 21st century. However,
standard assessments of equilibrium climate sensitivity use highly idealized
simulations in which atmospheric CO2 concentrations are instantaneously
quadrupled (4 × CO2). This quadrupling approach cannot explore the
transient influence of cloud changes on climate in the 21st century. Fur-
thermore, short 4 × CO2 experiments have been shown to underestimate
climate sensitivity in the presence of large non-linearities in climate
feedbacks68. To evaluate the transient climate response to constraining
mixed-phase clouds, we introduce a new climate sensitivity metric suitable
to simulations using SSP and RCP forcing scenarios.

Cumulative RESTOM ¼
X2100

i¼2015

RESTOMi ¼
X2100

i¼2015

ðSWNþ LWNÞi

ð3Þ
We compare globally and regionally averaged surface temperatures

with the global cumulative residual top of the atmosphere radiative flux
(Cumulative RESTOMWm−2, Eq. (3)). RESTOMcaptures the total energy
accumulated in the earth system—the sumof net shortwave (SWN) and net
longwave (LWN) radiation (Eq. (3))—due to the integrated effect of
instantaneous forcings, climate feedbacks, and fast adjustments. Comparing
surface temperatures and RESTOM captures both how quickly the earth
system accumulates energy as well as the associated surface temperature
response.Models thatwarmmore for a givenRESTOMaremore responsive
to the accumulated imbalance, or “energy-sensitive". By additionally
studying how the relationship between surface temperature and RESTOM
evolves in time (e.g. with prescribed CO2 increases), we are able to explore
the transient climate response. The times and greenhouse gas levels atwhich
a given RESTOM is reached quantify the varying radiative forcings across
model simulations. For example, a more energy-sensitive model may not
warmas quickly as a less energy-sensitivemodel if energy accumulatesmore
slowly in the earth system. Ultimately, we wish to explain model-to-model
differences through the different rates at which models accumulate energy
(the integrated radiative forcing via RESTOM) and their surface tempera-
ture sensitivity to that accumulated energy (energy-sensitivity).

Data availability
All data in this study is available to the publicwithout restrictions (where the
data has been produced byus).Most of the data in this study canbe accessed
at https://zenodo.org/record/8302312 (https://doi.org/10.5281/zenodo.

8302312). Fig. 1b—the underlying data can be downloaded from https://
climserv.ipsl.polytechnique.fr/cfmip-obs/Calipso_goccp.html#Map_
OPAQand is discussed in ref. 34. Fig. 1c—the data for the cloud top and
interior SLF can be accessed via45 under https://zenodo.org/record/
828905869. Fig. 2—the data for the cloud top and interior SLF can be
accessed via45 underhttps://zenodo.org/record/8289058. Fig. 3—thenudged
NorESM2 simulations can be accessed via https://doi.org/10.5281/zenodo.
830231269. Fig. 4—the data underlying the sensitivity analysis can be
accessed via https://doi.org/10.5281/zenodo.8302312. Fig. 5—the calculated
cloud feedbacks can be accessed via https://doi.org/10.5281/zenodo.
8302312.

Code availability
All code used to analyse the data presented in this study is available via
https://doi.org/10.5281/zenodo.8305941.
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